INTRODUCTION
African swine fever (ASF) is an economically significant viral disease of domestic pigs. The disease was confined to Africa until 1957 at which time an outbreak of ASF occurred in Portugal. Since then, ASF has become endemic in the Iberian peninsula and Sardinia, with outbreaks occurring sporadically in other parts of Europe, the Caribbean and South America.
ASF is caused by a large, cytoplasmically located, icosahedral virus that contains a complex, linear double-stranded DNA genome. Although morphologically similar to, and originally classified with, the Iridoviridae, more detailed analysis has revealed that ASF virus resembles the Poxviridae in several respects. For example, the genomes of both ASF and the Poxviridae contain covalently closed terminal cross-links and inverted terminal repeats (see Vifiuela, 1985 for review). The genome, estimated to be about 170 kilobase pairs in length, of a Spanish isolate of ASF virus adapted to grow in Vero cells has been cloned in plasmid and bacteriophage lambda vectors and a restriction enzyme map has been obtained .
Recent isolates of ASF virus from Europe are much less virulent compared to most of the African isolates of ASF virus which cause mortality approaching 100% in domestic pigs (for reviews, see Plowright, 1981 ; Wilkinson, 1981) . We selected a Malawi isolate (Li120/1) of ASF virus that causes severe disease and high mortality in domestic pigs (J. M. Haresnape & P. J. Wilkinson, personal communication) for detailed molecular analysis. Adaptation of ASF virus to grow in tissue culture cells can result in deletion of large sections of the genome (Talavera et al., 1982; Wesley & Pan, 1982a, b) . Restriction site mapping of the Vero cell-adapted ASF virus isolate revealed that deletion of large fragments of DNA from near the left hand terminus of the genome had occurred during the adaption process (Vifiuela, 1985) . In order to avoid any genome rearrangements that might have occurred during growth in cultured cells, we used ASF virus DNA isolated directly from infected pig blood (Wesley & Tuthill, 1984) as a source of DNA for cloning.
Clones containing overlapping DNA inserts, derived from the Malawi (Lil 20/1) ASF virus isolate, covering the entire genome apart from short regions including the cross-linked termini, were obtained and a restriction enzyme site map for three enzymes was determined. These clones will be used in future experiments to characterize the genome of this virus isolate further.
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Isolation of virus DNA. DNA was extracted from ASF virus isolated from the red blood cell fraction of infected pig blood essentially as described by Wesley & Tuthill (1984) , except that virus was banded on 25 ~/50 ~, rather than 25~/60~o, sucrose step gradients.
Enzyme reactions. Restriction endonucleases and T4 DNA ligase were obtained from Boehringer Mannheim and were used according to the manufacturer's recommendations. End-labelling of restriction endonuclease digests with [32p]dATP, using the Klenow fragment of DNA polymerase, was performed using standard procedures (Maniatis et al., 1982) .
Agarose gel electrophoresis and Southern blotting. DNA fragments were electrophoresed on 0.6~, 1 ~o or 2~ agarose (Sigma type II) gels in Tris-acetate buffer and bands were visualized by ethidium bromide staining. DNA was transferred from agarose gels onto Hybond-N filters (Amersham) using the method of Southern (1975) . DNA was covalently attached to the filters by heating in an oven at 80 °C for 2 h.
Preparation of radioactively labelled DNA probes and hybridization. DNA was radioactively labelled (Feinberg & Vogelstein, 1983 and denatured probes were hybridized overnight at 68 °C in 5 × SSC (1 x SSC is 150 mMsodium chloride and 15 m~-trisodium citrate), 10 x Denhardt's solution, 50 gg/ml denatured salmon sperm DNA and 0.3~ SDS. After washing in 0.1 × SSC, 0.1~ SDS at 68°C, filters were exposed to X-ray film for an appropriate period. Prior to rehybridization, radioactive probes were removed from filters by washing at 42 °C first with 0-5 M-NaOH for 30 min and then with 0-1 M-Tris, 0.2 × SSC, 0.2~ SDS for 30 min.
Preparation of bacteriophage lambda and plasmid DNA. Bacteriophage lambda was grown in Escheriehia coli Q358 (Karn et al., 1980) and then purified from lysed cultures by centrifugation to equilibrium on continuous caesium chloride gradients. DNA was isolated by phenol extraction from disrupted bacteriophage particles (see Maniatis et al., 1982) . For small scale preparations, DNA was extracted directly from phage which had been pelleted from cleared lysates of 50 ml cultures at 18000 r.p.m, in a Beckman SW28 rotor. Plasmid DNA was isolated from cultures grown in the presence of the appropriate antibiotic using the alkaline lysis method (see Maniatis et al., 1982) .
Preparation of virus DNA terminal fragments. Restriction endonuclease digests of virus DNA were denatured by boiling in the presence of 0.8 × SSC for 10 min, followed by rapid cooling on ice for 5 rain and immediate analysis by agarose gel electrophoresis.
Cloning of DNA in the bacteriophage lambda vector EMBL3. Virus DNA was partially digested with Sau3AI restriction endonuclease under the appropriate conditions. Initial test digestions were performed to determine conditions which produced DNA of average size about 15 kb. These conditions were used to digest 1 p.g of DNA, which was then treated with bacterial alkaline phosphatase to prevent ligation of the Sau3AI fragments during subsequent manipulations. EMBL3 bacteriophage lambda vector DNA was prepared by digestion with BamHI and EcoRl, followed by isopropanol precipitation to remove short DNA fragments between these sites (Frischauf et al., 1983) . The EMBL3 DNA was redissolved in TE buffer (10 mM-Tris-HC1, 1 mM-EDTA, pH 8.0), ligated to the Sau3AI partially digested virus DNA fragments and packaged in vitro into bacteriophage lambda particles using in vitro packaging mixes obtained from Amersham.
Cloning of virus DNA into pUC18 vector. ClaI-digested virus DNA was ligated to Accl-cut pUC18 DNA (Yanisch-Perron et al., 1985) . Following transformation of E. coli strain JM83 (Vieira & Messing, 1982) using standard procedures (Maniatis et al., 1982) , colonies that produced a white colour on X-gal plates were selected for subsequent analysis.
Nomenclature of clones. Bacteriophage lambda clones were designated L and plasmid clones p. The source of ASF virus DNA (isolate Lil 20/1 from Malawi) used for cloning is indicated Mw. Bacteriophage lambda clones were numbered 1 to 23 according to their position on the ASF virus DNA restriction enzyme site map. Plasmid clone names indicate the enzyme used to digest the virus D N A prior to cloning and the fragment cloned (see Table  1 and Fig. 5 ).
RESULTS

Restriction enzyme analysis of virus DNA and identification of terminal fragments
ASF virus Li120/1 DNA was digested with a number of restriction enzymes and the products were analysed by agarose gel electrophoresis to identify those enzymes which were potentially useful for the derivation of a restriction enzyme site map. SalI, BamHI and ClaI were selected because they cut the virus DNA into relatively few fragments (see Fig. 1 and Table 1 ). In addition, SalI can be used to excise insert DNA from the bacteriophage lambda vector EMBL3.
ASF virus DNA contains covalently closed terminal cross-links. Hence, after denaturation and rapid reannealing, restriction enzyme digests of virus DNA terminal fragments can be identified as double-stranded DNA fragments migrating on agarose gels with the same mobility as two of the fragments in a non-denatured digest of the same DNA. Using this procedure, terminal fragments of 14 and 12 kb were identified using SalI, 10 and 8.2 kb using BamHI and 16 and 5.7 kb using ClaI (Fig. 1) .
Cloning of ASF virus DNA in the bacteriophage lambda vector EMBL3
Virus DNA was partially digested with Sau3AI to give fragments with an average size of about 15kb. This partially digested virus DNA was ligated to BamHI-cut EMBL3 bacteriophage lambda DNA and packaged in vitro into bacteriophage lambda particles. A library containing 5 × 106 clones, of which less than 1 ~o were estimated to contain re-ligated vector fragments, was obtained. After plating out, 40 clones were initially selected at random for analysis; DNA was prepared from them and dotted onto filters. SalI fragments of ASF virus Lil 20/1 DNA, separated by agarose gel electrophoresis, were isolated and used to probe filters containing dot blots of cloned DNA. This approach allowed the selected clones to be subdivided into groups according to which SalI DNA fragment they hybridized. Mapping of clones within these groups, and identification of clones that overlap between groups, was achieved by releasing the insert DNA by digestion with SalI, followed by agarose gel electrophoresis and transfer to Hybond-N filters. Filters were hybridized with DNA from individual clones, allowing those containing overlapping sequences to be identified. The order of restriction enzyme fragments mapping near the right hand terminus of the genome was deduced by digestion and agarose gel electrophoresis of DNA from overlapping clones, and by hybridization of cloned DNA to Southern blots of digests of virus DNA.
Cloning of Sau3AI digestion products in the BamHI site of the EMBL3 vector occasionally preserves the BamHI recognition sequence, if the base flanking the Sau3AI site is the correct one. More frequently, however, the BamHI site is destroyed. Hence, digestion of clones with BamHI usually cuts only within the insert DNA. This can release intact internal BamHI fragments if the insert DNA contains two or more BamHI sites or fragments in which part of the Clone LMw22 hybridized to 12 kb, 9.2 kb and 17.6 kb SalI fragments of a Southern blot of a virus DNA digest. The 12 kb fragment was found to be a terminal virus fragment and the entire 9-2 kb fragment was contained within clone LMw22. The order of SalI fragments from the right hand terminus is therefore 12 kb, 9.2 kb, 17.6 kb. Similarly the order of ClaI fragments from the right hand terminus was deduced as 21 kb, 5.4 kb and 6.7 kb.
Double and triple digestions of cloned DNA and hybridization of overlapping clones to Southern blots of these digests and single and double digests of virus DNA with BamHI/SalI and ClaI/SalI confirmed the above order of restriction fragments. These studies also allowed the positions of SalI, BamHI and ClaI sites to be more accurately determined with respect to each other and the endpoints of cloned DNA to be mapped. For example, Fig. 3 shows the hybridization of clones LMw22 and LMw21 to digests of virus DNA and DNA from clone LMw22. Digestion of clone LMw22 with SalI releases fragments of 9.2 kb, 4.2 kb and 1.2 kb from the vector DNA arms (see Fig. 3b , lane 2). Clone LMw21 did not hybridize to the 4.2 kb SalI fragment contained within clone LMw22 (Fig. 3d, lane 2) , nor to the 12 kb virus terminal SalI fragment 1 (Fig. 3 c, lane 2) . Clone LMw22 was shown to hybridize to this 12 kb fragment ( Fig. 3a, lane 2) . Thus the 4-2 kb SalI fragment of clone LMw22 is from the left hand end of the virus 12 kb SalI fragment 1. The 9.2 kb SalI fragment produced by digestion of clone LMw22 is the entire virus SalI fragment k and the 1.2 kb SalI fragment from LMw22 is from the right hand end of the 17.6 kb virus SalI fragment j. Similar analysis of BamHI and BamHI/SalI digests of virus and cloned DNA showed that the virus 2.7 kb BamHI fragment (contained in clone LMw22) ( Fig. 3a and b , lanes 1) is cut by SalI into a 2.1 kb fragment (Fig. 3a, b, e and d, lanes 3) from the 12 kb virus terminal SalI fragment 1 and a 0.6 kb fragment (this has run offthe bottom of the gel shown in Fig. 3 ) from the 9.2 kb virus SalI fragment k. The detailed restriction enzyme site map of insert DNA from clones and virus DNA for the region near the right hand terminus of the virus genome shown in Fig. 4 was derived by similar analysis of additional clones in this region.
This analysis of randomly selected clones allowed an almost complete restriction enzyme map of the virus DNA to be constructed for three enzymes. The mapping of clones containing overlapping, but partially staggered, inserts allowed the order of restriction enzyme fragments within the clones and virus DNA to be deduced in all but a few cases. One such case was the mapping of ClaI fragments within clone LMw9. This clone contained part of a 6.7 kb ClaI fragment and complete 6.0 kb and 3.8 kb fragments. A 3.3 kb BamHI fragment from close to the terminus of clone LMw9 hybridized to the 6.7 kb and 6.0 kb fragments, allowing the order of fragments to be deduced as 6.7 kb, 6.0 kb and 3.8 kb.
This random approach to the isolation and analysis of clones resulted in gaps between groups of overlapping clones in three regions. No clones were found that bridged the gap between LMw2 (which contains a 5 kb fragment from the virus 24 kb SalI fragment b and a 7 kb fragment from the virus 14 kb terminal SalI fragment) and clone LMw5 (which contains a 2 kb fragment from virus SalI fragment b and an 11 kb fragment from the 23.3 kb virus SalI fragment c). Thus a gap of 16 kb existed between these clones. Similarly, there were no clones found that bridged the gaps between LMw8 and LMw9 or between LMwl7 and LMwl8, although the gaps between these clones were estimated to be much smaller.
Cloning of remaining fragments
To obtain clones containing fragments that covered these gaps, a ClaI digest of virus DNA was cloned in the AccI site of pUC18. Colonies containing plasmids with virus DNA inserts were selected and hybridized with either isolated virus DNA fragments (the 19 kb SalI/BamHI fragment from SalI fragment b or the 15 kb SalI fragment d) or with bacteriophage lambda clones containing ASF virus DNA. Thus, plasmid clones containing sequences from within or flanking regions of virus DNA not previously cloned were obtained.
These plasmid clones were used in two ways to bridge the gaps between the bacteriophage lambda clones characterized using the random approach. First, plasmid clones were obtained which themselves bridged the gaps between lambda clones; thus one plasmid clone containing a 6-7 ClaI kb fragment bridged the gap between clones LMwl8 and LMwl7. A plasmid clone containing a different 6.7 kb ClaI fragment, overlapped clone LMw9, contained a small 1.2 kb SalI fragment and overlapped by 1.25 kb onto virus SalI fragment d. A clone containing a 4.6 kb ClaI insert from the virus SalI fragment d overlapped clone LMw8 by 3.2 kb. This 4.6 kb fragment was found to be adjacent to the 6.7 kb ClaI fragment which overlaps clone LMw9. This was deduced by hybridization of clone LMw8 and virus Sail fragment d to digests of virus DNA. Thus, clones covering the gap between clones LMw8 and LMw9 were obtained, although there was no overlap between plasmid clones containing the 4.6 and 6-7 kb inserts. Second, plasmid clones of sequences that had not been cloned previously were used as an aid to the identification of additional bacteriophage lambda clones to bridge the gap between lambda clones which had been characterized previously using the random approach.
Plasmid clones containing 6-7 kb and 6.4 kb ClaI fragments which hybridized with the 19 kb BamHI/SalI fragment derived from SalI fragment b and BamHI fragment b were obtained. These plasmid clones were used to hybridize to part of the library of clones containing ASF virus DNA inserts in the bacteriophage lambda vector EMBL3. DNA was prepared from 12 plaques that gave a positive signal. From this collection of bacteriophage lambda clones, one was obtained (clone LMw4) that overlapped clone LMw5. This clone overlapped other clones from this collection, including several that overlapped clone LMw2. Thus it was possible to obtain bacteriophage lambda clones that spanned the large 16 kb gap remaining after the random approach and which overlapped with clones containing sequences on either side of this gap. Together, these clones formed a collection that contained D N A inserts covering the complete genome, with the exception of segments of less than 1 kb, including the cross-linked termini of the genome. A complete restriction map of the virus genome was derived for BamHI, SalI and ClaI enzymes using these clones. Fig. 5 shows the deduced restriction map of clones containing virus D N A inserts and of the complete virus genome. The ordering of restriction enzyme fragments on the virus genome is also indicated in Table 1 . 
ASF virus Lil 20/1 DNA contains terminal repeated sequences
The genomes of Poxviridae and of the Vero cell-adapted isolate of ASF virus contain inverted repeated sequences at the termini (Baroudy et al., 1982; Sogo et al., 1984) . Preliminary evidence indicates that the Lil 20/1 genome also contains terminal repeats. Both the isolated virus 14 kb Sail terminal fragment a and clone LMwl hybridized with both ClaI virus terminal fragments a and v (16 kb and 5.7 kb) (see Fig. 6b ). However, the left terminal SalI fragment of clone LMw2 failed to hybridize to both ClaI terminal fragments and hybridized only to the 16 kb terminal ClaI fragment a (see Fig. 6a ). Clone LMwl extends to within 1 kb and LMw2 to 8 kb from the virus genome terminus. An additional bacteriophage lambda clone which extends to 3 kb from the left hand terminus of the genome also hybridized to both terminal ClaI fragments a and v (data not shown, indicating that the repeated sequence may include sequences beyond 3 kb from the terminus. Clone LMwl hybridized to the 5-7 kb terminal fragment v but not to the 21 kb fragment u which is internal and adjacent to this fragment. Thus, the repeated sequence lies within the terminal 5.7 kb of the genome.
DISCUSSION
Rcstriction enzyme analysis of ASF virus isolates indicated that those from Europe (Lisbon 1960 and Madrid 1975) , the Caribbean (Dominican Republic 1978 and Haiti 1981) and Camcroon (1982) were closely related (Wesley & Tuthill, 1984) . In contrast, other African isolates were very different both from these and from cach other (Wesley & Tuthill, 1984) . Analysis of additional isolates confirmed that those from Europe are closely related to each other, whereas African isolates arc gcnerally morc diverse (Vifiuela, 1985; Thomson, 1985 
